To overcome shortcomings of the currently available optical computer architectures a programmable opto-electronic CNN array computer (POAC) is introduced. It combines the optical correlators' supreme resolution and complexity with the versatility of the single chip adaptive visual CNN-UM sensor and processor arrays. The system is grounded on an unconventional optical correlator architecture, which is a modified joint Fourier transform correlator. This architecture uses the angular coding of the template pixels and applies the template not in the recording phase, but in the reconstruction phase of correlation. Feasibility of this concept has been successfully demonstrated by a breadboard model. It computes correlation in two consecutive steps: First a hologram of the input image is recorded in a dynamic holographic material (we used chemically modified Bacteriorhodopsin film samples). Next, angularly coded read-out beams reconstruct the appropriately weighted and shifted replicas of the stored input image. Superposition of these copies produces the correlogram. A programmable adaptive sensor array, a special Visual CNN-UM chip detects the resulting correlogram. So, both the sensing and the required post processing steps are accomplished in a parallel way. The introduced opto-electronic architecture provides exceptional synergy and good compromise of the applicable technologies and the system performance.
Introduction
Target recognition and tracking tasks, including image processing and understanding algorithms require enormous computation power. Real-time applications in particular have proven to be impossible with the use of currently or in the near future available technologies. However, the so far neglected analog technologies provide a solution for these tasks. A great number of algorithms use integral operations (convolution, correlation) 1 . Obviously, these local operations can be handled with high efficiency within the cellular nonlinear/network (CNN) paradigm 2, 3 . The CNN concept can be implemented effectively by the analog VLSI technology 4, 5, 6, 7, 8 . Uniquely designed, special-purpose CNN microcircuits grant extremely high performance 9, 10, 11, 12 . Furthermore, stored programmability of the CNN circuits is also tractable 13 and this has led to the concept of the CNN universal machine (CNN-UM) 14 , which extends the applicability of this paradigm 10 radically. Several VLSI CNN-UM implementations exist 11, 15, 16, 17, 18 and confirm the extreme capabilities of this powerful principle 19 . Even digital CNN-UMs 20 are constructed. Due to the built in local analog memories and the also implemented feedback templates, these chips can be applied successfully as general-purpose image processing 14 and complex pattern generating units 21 . Using second order CNN implementations 22 even wave based algorithms become efficiently solvable 23, 24 . Notwithstanding, in VLSI CNN implementations the applicable template size and resolution are restricted. Due to the chip surface limitations, a compromise has to be made between the size of the CNN cells and their complexity. This means that so far only nearest neighbor templates are implemented and 128x128 pixel resolution has been achieved 25 . It has to be noted, that even with these restrictions, the VLSI implemented CNN performs much better and possesses computational power that is several orders of magnitude higher than its contemporary digital processing counterparts 19 . This is the consequence of its massively parallel architecture, where image flows can be handled. Local optical sensors provide parallel input to visual CNN chip 15, 26 . As these sensors can be controlled according to the state of the appropriate CNN cell, an adaptive sensor array is realizable 27, 28 . Being a locally connected analog sensor array, CNN appears to be an ideal modeling tool of visual systems 29 and might provide an optimal framework for bionic eye implementations 30 . To overcome the above-mentioned shortcomings of the VLSI CNN implementations, namely the restricted size of both the input image and that of the templates, other types of implementations are also considered. Optical implementations offer much larger input image resolution and template sizes. However, so far only a few attempts had been made to implement a CNN system optically 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41 and some of them were based on mainly numerical simulations 35 . To maintain the high degree of parallelism and to avoid the serial transfer bottleneck, all-optical implementations are favored. However, the feedback operations and the appropriate nonlinear functions are hard to implement optically 42, 43, 39 . Furthermore, the so far used VanderLugt type correlators are not flexibly programmable and are extremely sensitive to the misalignments of the optical elements 44 . A hybrid opto-electronic implementation, based on a joint Fourier transform correlator (JTC) 45, 46, 47 , however, combines the outstanding parallelism and speed of the optical correlator with the stored programmability, built in nonlinearities and local analog storage capabilities of a VLSI CNN-UM device. In this new conceptual system an optical correlator provides an extremely high computational power, while a visual CNN-UM chip detects, measures and adaptively thresholds the optical system's output, as well as performs the necessary post-processing tasks in a parallel way. However, there is a contradiction between the high resolution of the input image (~1000x1000) and the moderate resolution (128x128) of the adaptive detector. An appropriate detector cell should have high processing complexity (as it is the case of the visual CNN-UM chip), high resolution (as in CCD or CMOS cameras) and high speed. Since no currently available detector array possesses all of these features simultaneously, we have to develop an all-optical method to overcome this problem. The solution is a coherent post-processor applied to a t 2 -JTC, described in a paper to be published (A novel coherent/incoherent correlator for correlogram post-processing). In the present paper we introduce a new, unconventional optical correlator (a modified JTC) a architecture 48, 49, 50 to implement the above-introduced programmable optoelectronic analogic CNN computer (POAC). First the objectives of this task are defined. Next we compare the optical correlator architectures utilized so far with our correlator, which is the basis of the optical CNN implementation. We show that the recently developed optical correlator architecture unifies the advantages of the earlier correlators but avoids their drawbacks. Special advantages of this architecture are also discussed. Simulation and experimental results, validating the invented setup capabilities, are presented. The measurements on the proof-of-principle model of the POAC system are also shown. A few examples of applications illustrate that there are computationally intensive tasks that can be executed much more efficiently with a POAC than any other means. Further development ideas of the system are proposed. Computational power of this hybrid opto-electronic CNN implementation is estimated.
POAC: the Programmable Opto-electronic Analogic CNN Computer
Optical correlators provide extreme computational power due to their inherently massive parallelism (up to 10 7 parallel channels). Electronically or optically addressable spatial light modulators b (ESLM or OASLM) can be used to display input images and templates 51, 52 . To detect the output different CCD or CMOS sensors can be used. Unfortunately, these devices have only serial down and upload capabilities, which seriously restricts the entire system's performance. In spite of the fact that the processing is fulfilled at the speed of light in a vastly parallel optical way, the serial nature of input and output forms a data transfer bottleneck. To overcome this problem we have introduced the concept of the programmable opto-electronic analogic CNN computer (POAC), which is based on the successive application of a massively parallel optical processor (optical correlator) and the use of a programmable CNN sensor and processor array -a CNN-UM chip. So the number of the necessary serial data transfer is considerably reduced. Applying an OASLM as an incoherent-to-coherent converter to display input images, the system's parallelism can be further enhanced. Furthermore, the CNN paradigm provides a general programming frame for the optical correlator itself. Since the basic operation of CNN is convolution or correlation, the optical correlator itself can be considered as a special type, feed-forward-only CNN machine. The difference between correlation and convolution operations (on real valued functions) can be handled simply by flipping the templates around x-and y-axis. So the whole system can be discussed and handled within the framework of the CNN paradigm.
Optical Correlator based CNN-UM Implementations
Several optical CNN implementation architectures emerged in the last decade 34, 37, 32, 38, 53 . All of them are based on some kind of optical correlators. Although these optical implementations have high resolution, a very high degree of parallelism 54 , they were not flexibly programmable. Most of these implementations apply the so-called VanderLugt scheme (see later). Their main limitation is the limited programmability since it requires a series of prefabricated complicated holographic filters. As nonlinearity is hard to be implemented optically, presently, feed-forward-only CNN operations are realized in all of the optical implementations. There are some proposals for realization of optical nonlinear feedback operations but these remained at the level of digital simulation 53, 55 . However, in opto-electronic implementations, the embedded electronic sensor arrays can introduce the necessary nonlinearity. Feedback operations are frequently used in diverse CNN algorithms. However, if the applied templates do not b We used a liquid crystal micro display and a two-dimensional acousto-optical deflector as input device for the image to be processed and for the template, respectively. However, other types of SLMs -as MEM mirrors, VCSEL microlaser arrays -can also be used. push the cells into the nonlinear regime, like in different spatial filtering tasks, it is easy to replace them by big feed-forward templates. Otherwise they do not really require large template sizes like in special pattern generating, wave-based algorithms, and this way the built in VLSI CNN-UM can implement them efficiently within the POAC. To compare the different optical architectures a short summary of them is given.
Optical Correlator Architectures
We can differentiate between fundamentally two families of correlators: incoherent and coherent correlators. However, the most advanced coherent correlators can be further classified, and as we have pointed out, even the JTC correlators can work in fully coherent and in semi-coherent mode 56, 57 .
Incoherent correlators
Unlike the coherent correlators', incoherent correlators' work (with a few exceptions 58, 59 ) is based mainly on shadow casting and therefore diffraction is not utilized but induces degradation of the system precision. This property severely confines the attainable spacebandwidth product and so the incoherent architectures' overall performance. It has to be note that the incoherent correlators eliminate the otherwise inescapable coherent, speckle noise.
VanderLugt correlator
Due to its simple structure, the majority of the commercially available coherent optical correlators 60,61 are based on the so-called VanderLugt (VLC) 4f scheme 44 . In this architecture a previously calculated Fourier holographic filter extracts the correlogram of a reference object (template) from the input image into the back focal plane of a Fourier transforming lens (see Fig. 1 .). The Fourier calculus can describe the operation of VLC:
Where x, t denote the input image, template; F, F -1 the Fourier and inverse Fourier transformations; * and * multiplication and complex conjugation respectively.
The main speed-limiting factor of the VanderLugt correlator is the restricted pace of the filter-hologram display. This includes the cumbersome calculation of the hologram c . It can take even more time than the direct calculation of the cross correlation. Thus the real time generation of the holographic matched filter cannot be achieved. Consequently, the application of a VLC system seems to be useful only for those tasks where a few, previously defined reference objects or templates are to be searched for. Furthermore, the VLC is extremely sensitive for its elements' precise alignment.
Joint Fourier transform correlator (t 1 -JTC)
Another coherent optical correlator architecture is known, which is based on the recording of the input image and template (reference object) joint power spectrum, which is a Fourier hologram. A square law detector -photosensitive film, a sensory device (CCD, CMOS), OASLM or some kind of dynamic holographic medium can record this joint spectrum. There are two consecutive steps in the operation of the JTC 62, 46, 47 . In the recording step both the input image and the key-template have to be displayed simultaneously and illuminated with mutually coherent beams. In the read-out (hologram reconstruction) step this hologram is illuminated with a coherent plane wave (see Fig. 2 ). The reconstructed wavefront is inverse-Fourier transformed by the second Fourier optic lens. The off-axis correlogram and convolution are formed in addition to the on-axis auto-correlation terms, also formed in the back focal plane of this lens. No pre-calculated holographic matched filter is needed in this architecture. Reprogramming is performed by recording a new hologram with the same or a new input image, but with a new t 1 template. So unfortunately, for all correlation operation a hologram-recording step is necessary, which -due to the inevitable photon-electron conversion -confines the speed of the system. However, the speed of the display and of the sensor usually set a more severe limit to the system-speed than the hologram recording. The speed of the common liquid crystal optically addressable spatial light modulators (LCD OASLM) 63, 64 , which is frequently used as a dynamic holographic medium, are too low for high-speed applications. Furthermore, this type of OASLM devices have too low space bandwidth product to store high-resolution joint spectra (in particular, the high spatial frequency carrier of the off-axis holograms exploits a lot of the SBWP). Although there are other type of dynamic holographic devices and materials, which have the required resolution, but they demand much more laser power for the hologram recording 44, 65, 66 . Finely tuned balance has to be kept between the image and template illuminations to ensure the appropriate utilization of the holographic material's limited dynamic range in a JTC setup. This balance can be more easily ensured in a dual axis JTC system than in a single axis one 67 . Furthermore, a dual axis JTC arrangement optimizes the input display (SLM) surface utilization, but sets further requirements against the resolution of the dynamic holographic medium. The next figure shows a dual axis JTC arrangement (Fig. 3) .
Two complementary aspects of JTC: the joint correlation can be discussed in two different aspects: Either in the spatial domain or in the spatial-frequency domain. In the spatial (signal or image) domain view: the correlogram is produced by shifting and weighting the holographically reconstructed input image according to the position and intensity of the template pixels, respectively. To complete the correlation process, summing of these superposed images is required (detailed analysis of the coherent and incoherent JTC will be given in one of our next paper). In the spatial-frequency domain, the joint correlation can be handled by the Fourier calculus, as it is usual in the linearsystems. Fine distinctions have to be made among the different optical implementations' mathematical models. It is important to mention that there are a lot of articles published recently on hybrid JTCs. In these experiments, the joint hologram is usually picked up by a CCD camera, digitally processed and then displayed on an ESLM to form the correlogram. These correlators are useful for studying the nature of JTC, but having a severe serial transfer bottleneck they loose their parallelism, so they can have little practical value. Our goal is to develop an all-optical or nearly-all-optical correlator to fully exploit the advantages of optical array processing.
Fig. 3. Dual axis architecture for holographic recording
Comparing the VanderLugt and JTC type of systems, the advantages and drawbacks ban be summarized 68 :
Advantages of JTC realization
• Use of a spatial-domain filtering (no previous calculations and preprocessing is needed to synthesize the Fourier-domain filters which are necessary for VLC). • The two-axis JTC has a higher space-bandwidth product (SBWP).
• It can have a higher modulation depth.
• It is suitable for real time applications.
• It is much more robust against vibrations and misalignment compared with the VLC and its robustness is comparable with that of the incoherent correlators.
Drawbacks of JTC: • It suffers from moderate (lower) detection efficiency when applied to multiple target recognition or targets embedded in intense background noise. • High lateral coherence is required, but it does not need large coherence length.
• The JTC method is less efficient from energetic point of view as the first order diffractive beam, which is providing the desired correlation, carries only about 1/8 th of the incident energy.
t 2 -JTC: Unconventional Optical Correlator Architecture (with angularly coded t 2 templates)
To overcome the limitations of the above-mentioned optical correlators we have developed an architecture, which combines their main advantages while avoids their hindrances. Since a flexibly programmable optical CNN implementation is desired, dual axis JTC based architecture had been chosen. Applying a new idea we were able to radically increase the capabilities of this system. It has been recognized that the recorded joint power spectrum can be regarded as coherent superposition of input image holograms according to each template pixel reference. Furthermore, the readout beam can be regarded as the Fourier transform of a single pixel. From this point of view we can revert the operation of the whole system. If we use only a single pixel 'reference object' -resulting in a parallel reference beam -then simply a hologram of the input image is recorded in the holographic medium. The readout beams, however, is modulated according to the reference template pixels, to get correlation. Appropriate modulation can be achieved easily by a simple optical system: That is, the templates' proper angular coding is ensured by the application of a relatively low-resolution display and a suitably positioned Fourier transform lens. The Fourier transform of any template pixel is an appropriately deflected parallel beam weighted by the according pixel's gray-scale value. These beams reconstruct shifted and weighted copies of the input image and their superposition results in a correlogram. This superposition can be either coherent or incoherent depending on the mode of operation. If the t 2 template pixels are coherent but mutually incoherent ones, then the holographically reconstructed images are incoherently summed at the photodetector pixels. In this incoherent mode of correlation, most of the coherent noises are eliminated. It is especially beneficial and advantageous, if different kinds of phase errors are present in the system (it is frequently the case in custom liquid crystal displays). If we display the t 2 template pixels in a mutually coherent way then the complex amplitudes of the reconstructed images are summed by interference. So, the Fig. 4 . Scheme of the unconventional optical correlator architecture ((t 1 +t 2 )-JTC). Here, the hologram of the input image applying a t 1 reference object is dynamically fixed within the JTC scheme. Additional programming (by template t 2 ) is carried out in the read-out step. In this second step there is no need for photoelectric conversion, so extremely high correlation speed can be achieved.
(t 1 +t 2 )-JTC architecture
Within this scheme even combined, double template operations can be implemented, where first the joint power spectrum of the input image and a primary template t 1 is recorded, then it is read out using a modulated beam according to the Fourier transform of a secondary template t 2 . Here, even more complicated operations; convolution and/or correlation can be implemented (e.g. correlation of t 2 on the correlogram of t 1 on the input image s(x,y)).
Special Advantages
Although the t 1 -JTC architecture provides flexible programmability, it requires recording of the hologram for each correlation. Since usually at least one of the recording media parameters: speed, resolution and sensitivity are severely confined, the hologramrecording step limits the whole system performance (all of these requirements should be satisfied simultaneously). With the t 2 -JTC architecture this limitation had been alleviated. A great number of correlation computation steps can follow each hologram-recording step and this way a high resolution, but relatively less sensitive holographic media can be used. (1000 correlation/sec can be executed in our present implementation, where a twodimensional acousto-optical deflector displays the t 2 templates in a mutually incoherent way. Presently the detector speed limits the systems performance.) Reconstruction steps do not require photon-electron conversions therefore they can be completed at the speed of light. Due to the quasi Fourier arrangement -the holographic medium is placed only in the neighborhood of the Fourier plane -the correlator can better utilize the restricted dynamic range. The whole system is more robust and less sensitive to the misalignments of its parts than any other type of correlators. 
The Proof-of-principle Model
To test the new optical correlator architecture a breadboard model of it has been built. Although, not all the final elements of a POAC system are built-in yet, its feasibility has been successfully demonstrated. The schematic structure of the optical correlator can be seen in the next figure (Fig. 5) . It defines correlation in two consecutive steps: First a hologram of the input image is recorded. Next, according to each template pixel a shifted and weighted reconstruction of the input image is formed. Superposition of these shifted and weighted copies results in a correlogram. Several correlation determination steps can be fulfilled after each hologram recording.
The space-bandwidth product of the optically addressable spatial light modulator (LCD OASLM) applied as a square law detector (holographic recording device) in the earlier experimental setup was too low. Therefore, alternative high-resolution dynamic holographic materials were considered to increase the resolution of the system. First a special photochromic polymer film was examined 69, 70, 71 , but due to this material's wavelength and power requirements, an alternative dynamic holographic medium the Bacteriorhodopsin 72 had been chosen. It turned out to be an excellent choice (details of this material can be found later). A 2D acousto-optical deflector was used to display the read-out t 2 template. By the use of this device it was easy to set the required angular deflections and the speed of the device was superior to any contemporary micro display devices for relatively small resolution templates. A telescopic system simultaneously transformed the spot size and the angle of the pixelbeams impinging onto the hologram.
He-Ne lasers were applied both for hologram recording and reconstruction as well (10 mW and 6 mW accordingly). Their coherence length (~10 cm) and power were suitable for the preliminary measurements. Reflection type (Lippmann-Denisyuk) holograms 73 were recorded in this setup, but transparent Bragg type holography has been also tested. In the preliminary measurements we applied a CCD camera with a frame grabber. Although this sensor was an adequate measuring device, it limited the whole setup speed to 30 frame/seconds. In the further development of the POAC this sensor will be replaced by a visual CNN sensor and processor array. Hence, not only the sensor speed limitations will be alleviated, but also an adequate post-processing unit will be included. The photo of the breadboard model can be seen in the next figure. 
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Bacteriorhodopsin
Bacteriorhodopsin (BR) is a fast, high-resolution dynamic holographic material 74, 75, 76 . BR is a stable transmembrane protein of an archea, Halobacterium Salinarium (formerly Halobacterium halobium). This microorganism lives in salt marshes and prefers extremely high sodium chloride concentrations. BR, itself, is a photon-driven proton pump. BR molecules consist of seven α-helical sub-domains. These parts of the protein form a hole, which is occupied by a co-factor, the retinal molecule. Structure of the BR molecule has been intensively studied and is relatively well known. BR molecules aggregate into uni-axially oriented, hexagonal, trimer structure. This hexagonal, crystallike structure assembles into large clustered patches in the membrane. After absorption of a photon BR goes through a sequence of chemical and physical changes. It is including the retinal molecule's all-trans -13-cis transformation, shifts of charges within the protein, movement of protons, that is protonation, deprotonation, and several conformational changes as well. The above characteristic changes are reflectedand manifested primarily -in the changes of the BR's absorption spectrum and in the related refractive index changes. Different states have different lifetimes and characteristic absorption spectra. After photon absorption and the proton transfer steps, sooner or later BR returns to its initial conformation. The whole sequence of transitions is called the photocycle of the BR 77, 78, 79, 80, 81 . Quantum yield of the photocycle is relatively high (0.67). Above-mentioned characteristic changes in the absorption spectra can be used for analog optical storage. Maxima of the absorption spectra of the main intermediate states in the BR photocycle and the characteristic life-times of the different states in wild type, not modified BR are depicted in the next figure (Fig. 7) . By knowing the BR's structure and its detailed molecular dynamics, even its molecular engineered modification is possible. Different biologically, chemically and physically modified BR forms are available. For practical application several different types of utilization of BR have been suggested 82, 83 . BR has extremely high spatial resolution: higher than 5000 lines/mm 84 . This resolution even exceeds the commonly applied optical system's capabilities. This high spatial resolution assures the feasibility of BR based dual axis JTC implementation. Sensitivity of the material is relatively low (0.1-80 mJ/cm 2 ), but it is even better than any other holographic-materials with comparable resolution (e.g. photo-polymers). Speed of BR writing can be remarkably high, but of course, it depends on which states or transitions of the photocycle are utilized. Usually the BR's initial state (bR) and another relatively stable intermediate (M) states are used. The bR to M transformation takes about 40 µsec. This speed seems to be satisfactory for our transient holographic recording purposes, but using other states and different modified forms of BR even much higher speed can be achieved. One of the main problems with the utilization of BR as a temporary holographic material is the relatively long thermal recovery time. M to bR transition can take several hundreds of milliseconds and even seconds depending on the different physical and chemical conditions of modified BR samples. To overcome this obstacle: intensive blue light drives back the BR's M state to bR state within 50 µsec
85
. Noncoherent, intense blue illumination is relatively easy to produce. BR can be written and read more than one million times without considerable degradation. It is stable for months or years and persists in harsh environmental conditions: it is resistant against heat and irradiation, protected against oxygen and stable in a really wide range of pH (from pH 1 to 10). To exploit the high-density information storage capability of holographic memories not only high-resolution but a large dynamic range is also needed. A fast two-level system, like BR can serve as an excellent dynamic holographic material 86, 87 . A total cycle of a dynamic holographic process in an optical processor consists of three steps: writing, reading and erasing. As Seitz and Hampp 88 proved it, the bacteriorhodopsin can be regarded -with a good approximation -as an ideal two-state system. We use the bR⇒M transition for writing. Recording a hologram with a 568nm or 633nm laser takes about 50 µs depending on the applied intensity. This is followed by the reading (hologram reconstruction) step using a different wavelength. Using a properly chosen wavelength (e.g. 670nm) non-volatile read-out is possible. The absorption at this wavelength is negligible but the refractive index modulation, resulting in high diffraction efficiency, is still satisfactory. An intensive flash of blue light (λ<420nm) performs erasure by driving back the M states to the bR state. This way the total cycle takes about 100 µs, resulting in a frame rate of 10 kHz. However, in our system, due to the limitations of the available laser power and display speed BR is written only at video rate. To ensure the required massive parallelism high angular bandwidth is needed. Consequently, high spatial resolution holographic material is needed with low angular selectivity. This later requirement means that the maximal thickness of the holo-material must be restricted. Up to this thickness diffraction efficiency (η 50 ) must not fall below half of its maximum, even for the largest angular Bragg mismatch due to the outermost skew rays from the object and template. To test the applicability of BR as a holographic recording material in the POAC system, several measurements have been made. In the experiments several different chemically modified (TEA) 89 , dry BR films with 20-40 µm thickness were used. Next figure depicts the absorption spectra of the used samples depending on their thickness and optical density (controlled also by the chemical environment). It should be noted that the overall speed and so the time-dependent sensitivity of the photocycle changes in different modified BR forms (wild type, genetically modified, chemically modified TEA) and in different physical conditions (humidity, temperature etc.): Dynamic behavior -the process leading to the steady-state condition -was only qualitatively studied, while the resolution of the BR samples after reaching the steadystate condition has been measured d by self-diffraction. Self-diffraction measurements provides information only about the diffraction efficiency of the -1 order. Resolutionwhich was measured by the diffraction efficiency as a function of the angle of the interfering beams -showed a steep decrease with growing angle. Using shutters we measured the steady state diffraction efficiency of both the -1 and the +1.We have found that the intensities of the positive and negative first order diffraction were not symmetric functions of the angle. It was foreseeable, because with increasing angle we moved from the Raman-Nath region to the Bragg domain. Our measurements were in good agreement with Hampp's previous results, showing that the +1 order -what we can utilize in the correlator -couples out more and more light from the -1 order as the effective thickness of the hologram grows with increasing angle. However, these steady state measurements have to be extended into the short time dynamic regions to get data for our fast processing needs. We found that the diffraction efficiency of the positive first order term was at least 0.3% and practically did not change with the angle up to 90°.
We used semi-thick bacteriorhodopsin samples for holographic recording, therefore the angular selectivity of such samples had to be measured. Angular selectivity limits the size of the applicable templates. A maximal angular difference of 90° between the reference and the read-out beams where measured and the holographic reconstruction proved to be satisfactory. In our experiments we investigated the effects of the classical JTC architecture's illumination imbalance on the recording material. Highly unequal illumination causes the bleaching of the BR film at some places meanwhile other areas are still underexposed. This inhomogeneous response is an obstacle of appropriate holographic recording. To avoid these hindrances a dual axis fractional joint Fourier correlator architecture was implemented.
Visual CNN-UM chip as correlation detector and postprocessor
A new generation of CNN-UM chip has been designed and fabricated (ACE16K) 0. It has a cell-wise sensor array for parallel optical input and it suits the requirements of POAC. The hardware and software environment of this chip is being developed. The speed and sensitivity of this chip is appropriate for high-speed applications. Although the resolution of this sensor array is moderate, optical high pass filtering of the correlation results makes it satisfactory as detector and post-processor.
Acousto-optic deflector for implementing templates
For the angular coding of the template pixels we used a 2D acousto-optic deflector (AOD). It is a pair of TeO 2 (tellurium dioxide) deflector with 50-90 MHz (70-90 MHz) acoustic bandwidth. This provides 44 mrad (22 mrad) deflection bandwidth. Within this deflection we used only 32x32 pixel templates, but we can implement bigger templates up to 60x60. Physical speed of the deflector is limited by the speed of acoustic waves within this material. Switching time for the applied one-millimeter diameter beams is 1 µsec in this material. Diffraction efficiency in the applied 2D AO deflector reached 40%. Viewing angles of the input and template pixel pitches have to agree in order to achieve correlation. The reference and reconstructing beams' diameters had to be adjusted to cover the whole hologram surface. In a Fourier setup the input pixel pitch and the focal length of the Fourier lens determine this viewing angle. There is an inverse relationship between beam-diameter and angular magnification, so the speed and angular bandwidth of the AOD is limited due to the required beam expansion. A high-speed AOD radiofrequency driver is required to reach deflectors physical speed limitation. Special attention was paid to forming the template pixel beam's wave front to make it similar to that of the reference beam.
Liquid crystal display (LCD)
In our current setup reflective LCD (Microdisplay: MD800G6 SVGA) was used as an input device (ESLM). Its frame rate is 60Hz, but as it is coding colors in a sequential manner even 180 Hz frame-rate is attainable. The resolution of this device is 600x800, but provides relatively high contrast (200/1) and reflectivity (overall throughput is claimed to reach ~40%). High-resolution LCDs (1024x1268 or even 3500x4500) are also commercially available. These are used frequently in common overhead projectors. Although, their price is still relatively high, they can be used as an input element in a POAC system, if a special application requires high resolution. A suitable OASLM can be used an alternative input device, which can pick-up live images. This solution combines the functions of a highresolution camera and a display that is it works as an incoherent to coherent converter. Although OASLM devices are expensive, their resolution can reach 4500x4500.
Laser
In the current setup continuous wave He-Ne lasers were used. Their power was only 5-10 mW. A laser with relatively high coherence length is necessary for hologram recording, but considerably shorter coherence is sufficient at the read-out. Diode lasers (638, 658nm) had also been tested in the optical correlator. Their poor wave-front quality has to be improved by pinhole filtering. To ensure higher speed, both for hologram recording and read-out steps, high power lasers are required. Actively Q-switched, diode pumped YAG lasers can provide an ideal solution as they have considerably higher power (50-150mW) than the gas lasers used so far. In addition, their absorption in BR is notably (5-8 times) higher. Although these types of lasers are relatively expensive, they seem to be indispensable for high-speed POAC applications. Due to the wavelength difference between the writing and reading lasers, holographic magnification occurs, which has to be balanced out by changing the template pixel pitch.
Optical constrains
Input images were recorded in two kinds of hologram setups: first by using a Fourier transform lens and second without lens. The former one can also be used for nonlinear processing (high-pass spatial filtering) utilizing saturation effects of BR in the low spatial frequency domain. The lens-less version is simpler, but the input image size is more confined. Viewing angles of the input SLM's pixel and that of the template SLM's has to agree in order to get correlation. By using a 2D AOD only a virtual template was realized, but it was much easier to arrange the system than with a real SLM. The size of the reference and reconstructing beams had to be adjusted to cover the whole hologram surface, which is determined by the size of the input image in the lens-less case. In the case of Fourier setup, however, the input pixel pitch p and the focal length f of the Fourier transforming lens determines the size D of the area covered by the first order diffraction pattern 90 (D = 2 p f / ⋅ λ ). As it can be seen in the next figure, there is inverse relationship between the spot size and the angular magnification. So the speed of the AOD and its angular bandwidth is limited due to the required beam expansion. 
Results
Measurement results
Using the breadboard model correlation of 32x32 binary templates on 500x500 and on 600x800 input images were measured. In the next figure some experimentally measured correlation are presented. Adequate thresholding provides near perfect solutions (see Fig. 10 ). and the template (32x32) (B) can be compared. Cross correlation terms show a high degree of similarity. When applying an appropriate threshold (E), the correlation peaks become separable. The system performance can be estimated from the signal-to-noise-ratio.
POAC Applications
The POAC has an extremely wide field of applications. It is superior to any other analog type of computer in cases where large images, data matrices have to be processed at high speed.
The most promising application areas seems to be the image understanding and processing tasks where the use of an optical computer is reasonable and fast. Optical computer implementations are superior to their digital signal processing counterparts especially in those tasks, where great numbers of correlations have to be completed with large templates on high-resolution images 91 . VanderLugt type, optical filtering based correlators are fast, due to their inherent massive parallelism. However, because of the time consuming process of the matched filter design, they are not applicable when the task requires fast (re-) programming. As there is no need of any matched filter calculation in the advanced t 2 -JTC architecture, data gained from the previous image frames become applicable. So, a series of feedforward operations can build up complex algorithms. Since some pre-and post-processing is usually required, the parallel CNN-UM VLSI chip, which is an integral part of the POAC system, can fulfill these tasks efficiently. Optical realization of these pre-and postprocessing steps is also possible with a programmable reconfiguration of the POAC architecture. Several applications have been suggested, like stereo image processing, motion estimation for image compression or diverse correlation based identification algorithms, where not only fast programmable optical correlation is necessary, but local parallel preand post-processing (CNN) is also required. A special correlation based image recognition and adaptive tracking algorithm is detailed in the next section.
Adaptive target recognition and tracking
Correlation based recognition and tracking of targets is frequently required, because alternative methods (based on special target features like heat emission, color etc.) are relatively easy to deceive. However, distance, coverage and view of the targets alter in a hectic way during the tracking procedure. Therefore, to accomplish the target-tracking task enormous library of templates is required and all of them have to be correlated on each image frame. This feature makes the earlier implementations too slow and considerably constrains their practicality. Using the POAC framework an adaptive target-tracking algorithm is introduced. In this algorithm it is assumed that the target image changes continuously between the consecutive image frames. An appropriately windowed section of the previous frame's target image is used in the algorithm as a template (reference object) for the next frame. The output of this algorithm can be used to control the tracking servo system. This algorithm can be implemented digitally. However, the computing of correlation, even if it applies fast Fourier transformation-based algorithms, requires considerable computer power. Since the optical computing of correlation is a highly parallel, two step fast procedure, it is much faster and simpler than its digital counterpart. Our adaptive algorithm uses the POAC system to determine the correlation of a template on the input image. The template is a high-pass filtered and windowed portion of the target that has been found in the previous frame. Global or local maximums of this correlation define the possible target positions in this frame. From the location of the correlation peak a new template e is extracted, that the algorithm will use to correlate on the following frame. This way the target is adaptively tracked. The following figure demonstrates the operation of this algorithm with numeric simulation. e The extraction of the new template is extremely fast because its size is relatively small (32x32). Cutting and downloading of the required part of the input image can be achieved within 50 µsec. All the required further processing of the templates (windowing) can be accomplished well within the time-window of the template operations.
If several templates are applied and those overlap on the same target then their relative positions provide data for algorithms, which aims to define the target's self motion (rotation, time to collision etc.). The outcomes of the adaptive target-detection and tracking algorithm can provide information for a more refined tracking algorithm, which considers the motion history of the target and approximate its future position (e.g. Kalman or other non-linear filtering). These algorithms can be also efficiently implemented within the CNN-UM algorithmic frame.
A simplified version of the adaptive target detection algorithm has been demonstrated on the experimental POAC system. In spite of the current setup's limitations, it has been demonstrated that a POAC system can perform the algorithm's basic operations. The input is a test image sequence of a flying and turning airplane. For the sake of demonstration in this printed document, the time sequence of the airplane images is displayed simultaneously on the input SLM of POAC. The correlation peaks in the next figure shows that the translating and rotating aircraft was successfully tracked along its path. The current POAC implementation is capable of finding and tracking up to sixteen targets (with 32x32 size templates) in every frame (800x600) of a 60-frames/sec video sequence. Using more enhanced building elements (and/or by the application of smaller templates) even this performance can be improved considerably.
Scopes of further developments
The POAC system's performance is limited primarily by the speed of the template displaying devices and that of the applied sensors. To overcome these constraints several alternative displaying techniques were considered. Although acousto-optic deflectors provide very high speed for small templates, due to the basically serial deflection scheme it becomes insufficient as the template resolution increases. Vertical cavity surface emitting laser (VCSEL) arrays can even faster and display the templates in a parallel way. Unfortunately, these devices are not commercially available yet with the required wavelength range and resolution. There are volume holographic experimental setups, where such VCSEL arrays provide the paging information 75 0. Small modifications seem to be necessary only to apply this VCSEL device for correlation purposes. Although the semi incoherent implementation of the optical correlator reduces the coherent noise, because of the limited resolution of the high-speed sensor and processing units, alternative coherent correlator architecture is preferred. In the case of coherent displaying techniques optical high pass filtering reduces the demands against the sensor resolution. Micro Electro-Mechanical displays (MEMS) and high-speed micro LCD devices can provide the required coherent, parallel template displays, but their speed is not high enough only in the case of large templates. High-speed OASLM devices are also applicable as input and template displaying devices. Although there were announcements about high speed, high resolution multiple quantum well OASLM devices, these are not commercially available yet. Compromise has to be found between the speed and resolution of the available display devices. High resolution LCDs -up to 3500x4500 (and OASLMs with 4500x4500) pixel resolution -are commercially available presently. Although their prices are quite high, the POAC system overall performance can be improved considerably by applying them. Utilizing the above-mentioned elements even 10-80 TeraOps (Flops) (frame size in pixels/elementary reconstruction time) is attainable with an enhanced POAC system.
Conclusion
It has been shown that the POAC is a fruitful and promising concept and the introduced optical correlator based architecture is original and favorable to other technologies from several points of view. Due to its massive parallelism POAC provides a new algorithmic frame and ensures extremely high-speed operations for image processing, target detection and tracking tasks. Appropriate key elements and devices are required to reach a final product stage. The appropriate architecture and working principles have been worked out. However, further improvements of the key-elements and building blocks are necessary to achieve all the inherent possibilities of the POAC. These include the application of the followings. High power, actively Q-switched frequency doubled YAG lasers; Improved LCD or OASLM devices for input and template displays; A high speed CMOS detector matrix and a CNN-UM sensor and processor array for detecting and adaptive thresholding of the output; Improve the dynamic holographic material (e.g. bacteriorhodopsin) parameters. The final size of the system can be decreased to 30 by 40 by 20 cm. This way a POAC will become a commercially auspicious device. The performance of its kernel processor, the new, t 2 -JTC type unconventional optical correlator; is superior to any known optical correlators. The computational Performance of POAC can be summarizing as follows. With the best, currently commercially available devices it is possible to reach the following computational performance. 13 flops can be performed. In these calculations we have not considered the computational complexity as it depends on the input image and template size, but for moderate template sizes does not modify the results considerably. The optical part of the present POAC architecture implements feedforward-only operations, but it is possible to feed the nonlinearly processed results back to the optical input to process it with a new B template.
